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The principles by which the atmospheric properties of
an unknown planetary atmosphere can be deduced from
responses of a probe vehicle entering the atmosphére
are developed. Experiments to determine atmospheric
density and prassure as frnetions of altitude, and to
detect and determine quantities of selected gases in
the aisosphere are examined in detail. Accuracies
and experiment provlem areas ere treated.

The atmospheric density and pressure may be determined
with very good accuracy during hypersonic flight, from
altitudes of several hundred thousand feet to ground
level, by measurement cf three components of vehicle
acceleration supplemented in the terminal phase Ly
measurements of pitot and static pressure and atmos-
pheric temperature. The accuracy, ease of data anal-
ysis, and minimization of total data quantity are all
favorably affected by choice of prote configurations
which do not develop lift and which have drag coeffi-
cient independent of Mach number, Keynolds number, gas
composition, and angle of attack. These considera-
‘tions strongly suggest that the probe geometry should
be spherical. Other geometries having approximately
the aerodynamic properties desired are discussed.
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The approach to the detection of atmospheric species

is by spectrometry of selected wave lengths of emis- -
sion from the hot atmospheric gases in the shock

layer. Laboratory studies and theory have shown that
very bright emission behind the bow wave in atmospheres
of nitrogen and carbon dioxide is associated with the
cyanogen radical, and detection of the violet band sys-
tem would constitute direct evidencz for nitrogen in
the atmosphere. The gquantity can be Geduced. Other
radiometers to measure the nitric oxide and argon
radiations are dicussed.
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IHTRODUCT IO

The vse of entry vehicle responses for measuring {he properties of planetary
atmospheres provides measurement techniques that are both diract and simple,
permits the study of upper atmospheric properties as well as low level prop-
erties, and does not require parachute deployment or landing survival to
succeed.! A stuly of this approach to the exploration of the Mars atmosphere
has indicated that use of accelerometers, pressure and temperature sencors,
and narrow band radiometers in a spherical probe can provide much useful
informatior on the structure and composition of the atmosphere.2 The present
paper will cxterd the discussion of these experiments to present more com-
vletely the underlying basis, the difficulties, and the accuracy analysis.
Zmphasis is on the atmosphere of Mars.

M ASUREMENTS OF ALTTTUDE PROFILES OF ATMOSPHERIC DENSITY, PRESSURE, AHD
TEMPERATURE

It will be useful for the later discussion to review the principles of
atmospheric measurements from a probe entering the atmospliere at speeds that
are high compared to the speed of sound, arnd to establish the kinds of meas-
urements that are and are not most useful. The vehicle is enveloped by a
shock layer in which the state properties have Yeen considerably altered from
ambient values. The pressure and temperature in this layer may be repre-
sented by™ ' '

Py + Ppoovooz/ 2 g (1)

o)
n

. |
e [ p@s o, + (120 - cos? 6) - (2)
o]

from which the terms introducing difference between ambient (sub ®) and
shock layer (no subscript) properties may be identified. In Eq. (l), e.g.,
the second term on the right is the difference p - p_, which, at high flight
speeds, is normally large compared to p_. L may be considered either as a
correction to the measured pressure for obtaining the ambient pressure or
(more profitably if p, is negligible compared to p) the measured pressure
may be considered a direct measure of the atmospheric density. The pressure
coeffiicient P 1is of the order of 1 for blunt bodies, and even for sharp-
nosed slender bodies, where - P may be close to O, the variations in the cor-
rection term due to angle of attack, Mach number, Reynolds number, and gas
composition can be large compared to the ambient pressure. Hence, measure-
ments of pressure in the shock layer are inherently not descriptive of the
ambient pressure, depending instead sensitively on the aerodynamics
(coefficient P) and the velocity. :

Similarly, the_difference between the measured enthalpy and the ambient
enthalpy, h-h s 18 proportional to V 2, and, at the high speeds charac-
teristic of planetary entry, is large compared to h . This is true even
for slender bodies (& = 0) if they have blunted tips, a case for which
"Eq. (2) fails to estimate the temperature closely. Most important, however,
the temperature measured either on the insulated vehicle surface or on a
"sensor projecting into the flow is approximately the flow total temperature,

_*Notation is given at end of paper.



given by setting & = 90° in Eq. (2). These temperatures are very large
compared t5 ambient and provide a poor basis for estimating ambient values.
Thus, it is clear that measuring the state properties of gas 71 the shock
layer is not an attractive way of studying the undisturbed atmosphere from

a hypersonic probe vehicle. This is a well-known fact of long standing among
high speed azerodynamicists and those who have made measurements of the Earth's
upper atmosphere from high speed vehicles.

The vehicle deceleration, however, provides a direct and ac~urate basis for
measuring amoient density and pressure, if properly applied. The familiar
relationship betveen gasdynamic drag and mbient density

= Cp(1/20,V 2A) (3)
plus Wewton's second law of motion
D = -mag (L)
lead to the equation for density

0 = -2(m/CpA) (ag/V. 2) . ' (5)

A basic difference between Egs. (1) and (5) is that in Eq. (1) the quantity
measured is subject to a large correction to obtain the quantity desired,
whereas in Eq. (5), the quantity measured (acceleration) is directly propor-
tional to the quantity desired. This equatlon has been used as the basis for
accurate measurements ¢f the density of the Earth's upper atmosphere.3

The ambient pressure may be obtained: by integrating the density to obtain the
weight of the atmosphere from altltude h to the upper altitude limit of the
sensible atmosphere

=A°°pgdh o (6)

and the 'RTm product of the atmosphere is then known from the gas law

RT = Rm/gn -(7)

Given the molecular weight of the atmospheric gases, the temperature also
_becomes known.

To obtain the ambient density from Eq. (5), however, one must know the vehi-
cle mass m, frontal area A, drag coefficient Cp, and velocity V., at the
instant of measurement, and must also ve able to distinguish between the drag
acceleration and that component of acceleration which is due to 1lift, since
the entry body will in general exiperience oscillations in angle of attack.
The mass and area are known exactly, except for agblation effects wnich are
minor and can be estimated for speeds of entry into the near planets. The
other three factors merit discussion.
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The drag coefficient must be considered a function of four of the entry
variables, the Mach number, the Reynolds number, the gas composition, and -the
angle of attack. TFor the general case, then, these four variables must be
defined at every instant of measurement to permit the definition of density
by Eq. (5). One can also imegine an ideal case in which Cp is independent
of these variables. While a perfect independence of Macl. number, Reynolds
number, and gas composition cannot be realized, blunt low-fineness-ratio
bodies in the supersonic-hypersonic speed range have dimensionless pressure
distributions which are nearly independent of Mach numver and also have little
viscous drag and therefore little dependence on Reynolds number (Figs. 1 and
2).57® They are, in addition, relatively insensitive to gas composition®®,11
(Fig. 3). The use of such bodies in density measurements is of advantage,
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Fig. 1 Insensitivity Eo Mach Number of the Drag Coefficients of
High Drag Bodies
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Fig. 2 Insensitivity to Reynolds Number of the Drag Qoefficient of
a Sphere at Supersonic Speeds
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since it improves the precision of the density and relaxes the necessity for
iterative data reduction and accurate supplementary information. In con-

trast, Cp is considerably more variable for slender bodies, the sensitivity
to Mach number and angle of attack being typically as shown in Fig. 4. The

- Gata in Figs. 1-4 include some previously unpublished measurements by B. J.

Short, J. Terry, D. Kirk, and P. Intrieri of Ames Research Center along with
data from the references cited.
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Invariance of drag coefficient with angle of attack is a special property,
possessed perfectly by only one configuraticn, the sphere. However, it can
be found approximately in configurations having zero 1lift curve slope, since
to a good order of approximation, the coefficient of drag increase vith
angle of attack is the 1lift curve slope.

Cp = Cp w0 T CLaaz (8)

An example of such a configuration is the cone of 457 half-angle, our the
round-nosed cone of about the same half-angle. At large angles of attack,
variations in Cp will occur, since the lift curve slope does not remain
zero for all attitudes. Those configurations having Cp nearly independent -
of attitude will greatly simplify the measurement and data reduction problems.

For bodies which develop 1lift, resolution of the accelerations is needed to
interpret the data. Thus, in the sketch, the body axis (x axis) is at an

e S

>,

Sketch (a)

angle o relative to the flight or wind direction leading to a lift force L
in addition to the drag D, their resultant being F. The resultant accelera-
tion is resolved by accelerometers on the center of gravity into components
normal to the body axis and along the body axis «oy. The angle of attack
is unknown except as it is defined by the accelerometer data, and it can be
shown that '

@ = tan™ ay/ay - tan™ L/D (9)

where and ay are the acceleration components along the body-fixed y and x
axes; ai% the angle whose tangent is L/D has been designated ¢ in the
sketch. The angle ¢ is a function of the angle of attack ¢ =tan™' L/D=¢(a)
and the functional relationship mey be defined by wind-tunnel measurements.
This function may vary with Mach number, Reynolds number, and gas compositicn.
When angle of attack is established, the desired drag acceleration is obtained
from

-6-



ag = 8y cos o + ay sina (10)
Al*ernatively, one could analyze thP data in terms of the resultant accelera-
tion, replacing Cp by Cp in Eq.{5), and ag by ap. Equation (9) is still
needed to define a, since Cg 1s generally a strong function of «. With
configurations developing no 1ift, considerable simplification is realized;
Eq. (9) reduced to tan a = ay/ax, and no wind-tunnel data are used in the
analysis. These equations have, for simplicity, been written for two dimen-
sions, but are readily generalizable to three.

The definition of velocity for every instant of measurement remains to be
considered. Three approaches will be discussed, and in an actual case, all
three could be used in supplementary fashion. Since the accelerometers
needed for determining the density are available, it is possible to integrate
the pathwise (dreg) component over time to track the velocity. The velocity
at entry is known from tracking the trajectory through interplanetary space,
and the velocity equation after entry is

t
V= Vg + f ag dt (11)
(o]

where ag 1s negative. While this approach would seem to be completely
adequate, the accuracy must be considered when V becomes small compared to
VgE. The velocity ics then the small difference between two nearly equal num-
bers, VE and the integral. FErrors in the integral must be limited to the
le. 21 of acceptable errors in the velocity. This will be illustrated sub-
sequently in its effect on the density determination.

Other approaches to measuring velocity are by Doppler tracking of the eatry
probe from its radio communication signal, and airspeed indication by pitot
and static pressure measuremeats. The former has two prcblems associated
with it. One is the radio communication blackout, during which no informa-
tion is obtained. This means that Doppler tracking cannot be used to do the
precise and continuous definition of atmospheric density considered herein.
It has been shown, however, that with interpolation techniques to cover the
period of blackout, the complete atmosphere can be - defined with relatively
good success by means of Doppler data alone if it is sufficiently accurate.
The Doppler information is obtained primarily before entry and after the
velocity has dropped below about 10,000 ft/sec. Thus, it is a useful supple-
ment to the accelerometer data which lose accuracy at the lower speeds. The
other problem of the Doppler measurement is that it gives only the component
of velocity along the line of communication. The complete motion must there-
fore be synthesized from the data ia a trajectory analysis.

12

Pitot and static pressure measurements can be used to indicate the velocity
below sonic speed precisely where it is most important to supplement the
accelerometer velocity data. For low speed incompressible flow, Bernoulli's
principle provides the well-known basis for determining velocity from pitot
and static pressure measurements:

= 1/20,V,2 = p - Dy (12)
=




With the gas law, this equation is solved for velocity in terms of the
quantities measured which must include the ambient temperature.

J 2(py/p, - 1)RT, (13)

For Mach numbers above 0.5, it is advisable to use the compressible flow
equivalent of Eg. (13)

L2t/ -0 oy /) 77 <1182 (1)

The velocity is seen to depend on the gas properties y and R. Thus, it's
measurement interacts with determination of atmospheric composition, or,
alternatively, depends on the existence of relatively accurate esti:ates of
y and R. For accuracy, the data should be corrected also for vehic' = atti-
tude at the instant of measurement. Attitude is obtainable either from the
accelerometers {see above) or from readings of symmetrically placed pressure
orifices. 1In any case, these corrections are quite small for Mach numbers
below 0.5.

Once velocity history is defined from entry to impact, it will provide the
altitude as a function of time:

timpact '
h = Jf " (v, sin 6)dt (15)
t

The angle 6 is the flight-path angle relative to horizontal, so that

V sin 6 1is the vertical component of velocity. Errors in altitude deter-
mination are minimized by use of vertical entry, 6 = 90°. Errors in deter-
mining altitude will be discussed below.

With the above general features of the problem established, we now proceed
to three special topics:

1. A very important interaction of the vehicle angular motion with the
necessary data quantity.
2. A special gasdynamic problem of the spherical configuration.

3. Over-all accuracy of the profile of atmospheric density with altitude.

Effect of Vehicle Angular Motion on Necessary Data Quantity

The angular motion during entry of the atmospheric probe about its center of
gravity depends on its initial attitude and angular rates about the three
axes, as well as on the atmospheric properties and the gasdynamic stability
of the probe.r3,1% Three typical motions are shown in Fig. 5: (&) a planar
motion, obtalned when the initial displacement and angular rate are confined
to a single axis, (b) a damped circular precessing motion, obtained when the
initial anguls. momentum is confined to the spin axis and there is an initial
misalinement of that axis with the flight direction, (c) a more complicated
gyroscopic motion, obtaiued when the initial angular momentum is not confined
to the spin axlis. The frequency of these motions for typical Mars entry con-
ditions with small atmospheric probes is of the order of 5 to 10 cps at
maximum dynamic pressure.

. 8-
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Fig. 5 Typical Vehicle Angular Moticns During Entry
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Fig. 5 Concluded

Since the drag coefficient is in general a fuanction of the attitude, it .
undergoes cyclic variations at twice the .requency of the attitude oscilla-~

ticns, and causes the drag acceleration c¢o oscillate with time.
tude and frequency of the resulting oscillations in the acceleration history -
for the planar motion case of Fig. 5(a) are shown in Fig. 6.

The ampli-
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(a) Oscillatory Amplitude
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Fig. 6 Amplitude and Freguency of uscillationc in the Acceleration
History for an Entry Vehicle Undergoing the Motion of Fig. 5(&)”-
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IT tne motion can te confined to the purely circular vrecession, the reading
rate can Le reduced to the mir imum necessary to =stablish the smocth accel
eration curve and the angular amrlitude ristory, parhaps as few a:c tao rea
ings ver seccond. To achieve this soclution requires contrel over the 1n1u1al
conditions at entry, i.e., reduction of initial angular momentum abcut pitch
and yaw axes to very small values compared Lo the spin momentum. This should
be acni evable-bv care*u_ design of the probe release system.

ﬁh

- The body_oi constanﬁ,drag coefficient, iﬁdenendent of attitude, provide:z the
- second means of reducing the data rate. i$hen the drag coefficient is con-
stant, the oscillations -in the acceieration disappear, and the reading rate
. ctn a2gain be chosen on the basis of other considerations. The reduction of
- r2ading rate by an order of magnitude is, for communicaticn at the distances
-of planetary missions, a sizable advantage and one certainly worth realizing
Ly one or the other of these approaches.

A Gasdynamic Problem of the Sphere

~'The advantages of constant drz- coefficient, independent o7 angle of attack,
and zero or negligible lift-force development have been described. They are
consideratle, -both for substantially reducing the total data communicated and
for simplifying and making more precise the analysis of the atmospheric data.
_‘These considerations strongly suggest the use 2f an atmospheric prcobe of
) spherical chape, which possesses complete ro:ational symmetry and therefore
has external aerodynamics fully independent cf zttitude.'® The spherical
prcbe considered has its mass oifset forward, however, to maintain a given
-stable attitudz so as to present the instrumentation, heat chield, and
structwre to the shock layer in a preferred rather then an uncontrolled
fashion. It is assumed in this argwwent that such a sphere develops no
steady 11 t force..

The assumption.of” zero lift is not, hovever, entirely supported by the
observational data ~f which a considerable amount is available for -
spheres.'®,27 Uhile much of this data is qualitative, the presence of a

. lift-generating mechanism is clear, at least for subsonic speeds and Reynolds
numbers from about 50,000 to 200,000. One example of this is in the behavior
of a nonspinning baseball, the so-called "knuckle pali," which is well hknowm
among ball players to Jhlblt very erratic flight patterns in its path to
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the batter. Of course, the beseball is not perfectly smooth and symmetricali,
having seams, but in light of the other evidence it seems likely that the
cause of its erratic motion would Yo present for the smooth condition also,
and we have referred to the 1lift production ss the knuckle-~ball effect.
Similar erratic motion may bte observed by droppiung a ball bearing or marble
in a water tank of sufficient depth, e.g., a swimming pool. Another exanmmple
is the swerving motion exh’bited by smooth weather balloons during ascent.

The lift production is attributable to unsymmetrical separation of the
boundary layer from the sphere at stations near the maximum diameter where it
leaves the body to form the wake. The pressure along the bounding streamline
of the separated flow tends tc assume the value on the body at the point of
separation; sc that differences in separation point on opposite sides of the
body introduce differences in pressure distribution which lead to 1ift. The
Reynclds number r»-ge in which the effect is normally observed is the laminar
boundery layer regime, and little is known aboul whether it would be present
with turbulent boundary l=z2er, or whether it is an event connected with fran-
sition between the two. It may be that tripping the boundary layer with
roughness would bring about the desired symmetry of flow and pressure distri-
bution. These things are being studied at Ames Research Center. A shadow-
graph showing asymmetrical separation is reproduced in Fig. 7(a). .

(a) M, =0.73
Fig. 7 Shédowgraphs of Flow Separation on Sphere

At supersonic and hypersonic speeds, there is evidence to show that the iift
production is- zero or negligible. Greater symmetry is evidenced in flow
separation patterns, Fig. 7(b). No measurable amount of swerve or erratic
flight motion is detected in ballistic range tests, Fig. 8. Finally, and
most convincing, data obtained on the density of the Earth's atmosphere from
the deceleration of spherical bodies show very small scatter and good con-
sistency at these speeds, deteriorating to show scatter at low speeds .4
Hence, the problem seems to be asscciated with low speed flow only.

12w




Fig. 7 Concluded
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What is the implication of this effect for tl'c planetary atmespherec
experiments? It is c.ear that density dale from accelerometers --ould be

_considerably degraded (with errors up to perhars = factor of 2) by the
presence of an unxnown, fluctwesing 1ift forec if it ~~r: comparable in
magnitude to the drag. It is also c¢lear that error "ould be introduced into
the integration of acceleration te track the velocity. Hovever, if these

effects are limited to subsonic speeds, thery do anot in fact cause vrotlers
since the primary dependence at cubsonic speads is on direct meacurement o
static pressure and temperajure and oan velocity determination by airsreed
indication or Doppler shift of the communication signal. Thus, if th=2 fluc-
tuating 1ift occurs only in this speed range, it doss not degrade the data.

b=iy -

dork is in progress at Amers Research Center to test these conclusions, and t«
illuminate more fully the basic nature of the effect, if possible. This vori:
‘includes free drops of spherical vodies I{rom aircraft, with accelerometer and
other instrumentation on board. In addition, we remain interested in cther
todies which have Cp necrly independent of angle of attack, and small 1if%,
such as the conical bodies referred o earlier. These configurations, while

. they do nct possess perfactly the symmetry, constancy of Cp, and absence of
systematic 1ift genzration of tae sphere, have the advantage of having a
definite location of flow separation at the body base, and are thus free of
the unsymmetrical separated flow effects th at cause Tluctuating 1lift.

Error Analysis

In the early portion of this paper techniques wvere described for determining
the atmospheric structure (i.e., density and preszure as functions of altitude)
using on-board measurements of deceleration, pitot pressure, stabic pressure,
and ambient temperature. It is appropriate, at this point, to discuss the
accuracy with which the atmospheric structure can be defined by these measure-
- ments. During the high speed wortion of the entry, atmospheric density and |
pressure and entry vehiclz: aititude are determined from the vehicle decelera-
tion.. Errors in these quantities have been analyzed on the assumption that a
bias error of a g1ven fraction of the full-scale range exists in the acceler-
ometer. Bias errors are emphasized because they are more instrumental in
causing error in the density, pressure, and altitude than are random errors of
-the same magnitude. The latter tend to be averaged or cancelled out in the
data smoothing. . . o .
The effect of accelerometer bias on density, pressure, velocity,’and altitude
can te determined by taking the partial derivative with respect to accelera-
tion of the expressions for those quantities as given in Egs. (5), (6), (11),
and (15). It is convenient to express the resulting errdrs in density and
pressure as fractions of the values of density and pressure. The resulting
expressions for errors due to accelerometer bias have been determined under
"the assumption that flight-path angle, 3, is constant during the entry, and
are given by: ) :

s o _ ‘ < ( Lo - « +(16)




2 ‘/o
=L = Aa, (17)
P ta
2a S at
N v
o]
t2 - t2
7 _ _ _impact .
Lh, = 5 sin 9 la (18)

These errors due to an accelerometer bias of 0.1 percent of the maximum oo
deceleration measured are shown as a function of velocity in Fig. 9. A ’ :

‘_cr;A =.25 slug/ft? ACCELEROMETER BIAS =.0010 mgx
40\ ATMOSPHERE 8¢

L Po,mb Hft hyft
5P ,L|\ ——30 55600 0 60°

P \—!! 22,200 82,300 90°
N . ;
- — '?T‘-a‘-h_-I——é
" (a) Density Error - :
25 .
; 2 N ; “ _ |

(b) Pressure Error
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Fig. 9 Errors in Atmostheric Structure Determination Due to
Accelerometer Bias
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vertical entry into a small scale height atmosphere and a 60° entry into a
large scal. height atmosphere were chosen to illustrate the range of errors
to be expected from this source. HNote that density and pressure are deter-
mined within © percent over virtually the entire velocity range down to

C.2 Vg. The altitude determination for entry into the low scale height atmos-
phere is excellent; that for the large scale height, however, is in serious
error. This is the result of the long time spent at low speeds vhere the
velocity, and hence the altitude, determination given by the accelerometers
is poor. ©Since errors in altitude are, in a sense, equivalent to errors in
density or pressure, the error in altitude shown for the large scale height
atmosphere is considered unacceptable and the additional measurements dis-
cussed earlier are necessary in the low speed portion of the entry.

From the measurements during subsonic flight of pitot and static -pressure and
ambient temperatures, the density may be calculated from the equation of state
(eq. (7)). Insper~ion of this equation shows that fractional errors in den-
sity will be equal to fractional errors in pressure, temperature, and gas
constant (in the small error range). Sources of error in the determination of
subsonic velocity, and hence altitude, will, in addition, include that due to
uncertainty in specific heat ratio, 7. Expressions for the error in altitude
can be derived by taking the partial derivative of Eq. (14) with respect to
the quantity in question anad subst1tu+1ng the result in the follow1no equation

for altitude error:
timpact '
“ph o= f AV sin 6 dt . (19)

The resultlng éxpressions for error in altltude due to the various sources
are as follows: - .
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Root ~sum-square errors in pressure, density, and altitude due to pressure

and temperature sensor bias of 1 percent and 5 percent, respectively, and
uncertainties in specific heat ratio and gas constant of 5 percent and 10 per-
cent, respectively, are shown in Fig. 10 as a function of velocity from sonic

(a) Density Error

m/CpA =.25 slug/ft2
.2i- PRESSURE BIAS=.0l Pnax

Ap ’ ; ‘TEMPERATURE BIAS =.05 Tmqy
P l [ _ SPECIFIC HEAT RATIO
0 — ‘ - - UNCERTAINTY =.057
GAS CONSTANT UNCERTAINTY=.IOR
(bf Pressure Evror _
: o - ,, ATMOSPHERE 8¢
~4000rF T Po.mb H,ft  hy,ft
Ah, ft g —— 30 55600 O 60°
2000 I y _ —— Il 22200 82,300 90°
/_
7 1/ ] e 1 g
0 O 02 .03 .4 .05
V/VE

(¢) Altitude Error

Fig. 10 Errors in Atmospheric Structure Determination at Low Speed -
Due to Errors in Pressure, Temperature, Specific Heat Ratio, and
Gas Constant

)

speed to impact speed. Note that the maximum error in altitude for entry
into the large scale height atmosphere is only 4,000 feet from this source,
whereas the error, over the same ve1001ty range, due to accelerometer bias:

- is 110,000 feet.

Uncertainty in entry velocity and flight-path angle will also affect the
accuracy -of the results. However, studies of the guidance and tracking cap-
abilities -of existing systems for interplanetary vehicles, as well as the
meneuver required to separate the entry vehicle from the bus and place it on
an impact trajectory with the planet, indicate that entry velocity will be
known within a few feet per second and entry flight-path angle within a few

degrees.
-17-




As a test of the over-all definition of atmospheric density structure that
might be achieved, analysis has been msde including all of the factors din-
cussed above. The results of these calculations are shown in Fig. 11 where

mM/CpA .25 slug / {12

10-4 Vg =26,000 fi/sec
EXACT ATMOSPHERE

- 1075 ©  CALCULATED ATMOSPHERE, 8¢ » 90°
< O CALCULATED ATMOSPHERE, 8 = 60°
"
Sio-s|
& ATMOSPHERE
> po,mb H,ft hy, ft
=S 30 55600 O
z 1 22,200 82,370
[=]

1078 r

|0"9 i ' ) 1

) 200,000 400,000 600,000

ALTITUDE, fi

Fig. 11 Over-all Accuracy of Atmospheric Density Profile
e

the calculated densit§ brofiles are represented by the symbols and are com-

"~ pared with the "exact" atmospheres postulated.  The definition is excellent

from ground level to the altitudes where the vehicle is first able to sense
the atmosphere, which occurs at density levels of 1073 of Earth sea-level
density. )
The technique of determining atmospheric density by deceleration measurements
on a spherical entry vehlcle has been used with considerable success by the
University of Mlchlgan and the Air Force Cambridge Research Laboratories® in
the determination of FEarth atmosphere density. In this case data were "
obtained by ejecting a small (7-inch dlameter) metal sphere from a scunding
rocket at an altitude about 60 km. The spheres coasted up to maximum alti-
tudes near 200 km and measurements wers made on both the upward and dowvmward
legs of the trajectory. Results typical of these measurements are shown in
Fig. 12 which is reproduced from Ref. 4. The high quality of these results
is apparent and is evidence not only of the efficacy of the technigue.but
also of the high quality of work and attention.to detail that the Air Force
Cambridge Research Laboratories invested in the measurements.

DETECTION OF CHEMICAL SPECIES IN THE SHOCK LAYER BY SPECTROMETRY

' The atmospheric gases which pass through the bow wave of the entry body into
the shock layer are heated by shock compression to s very high. temperature ats
which molecular rotation and vibration and electronic energles above the
ground state are excited with consequent radiative emigsion in transitions to
lower -energy states. The characteristic wavelengths and intensities emitted
‘can be used to identify and determine number densities of the emitt:ng species
in the shock layer. On the agsumption that Mars' atmosphere is composed
~ largely of nitrogen and carbon dioxide, a considerable amount of laboratory
work and theoretical calculation has been performed to study the radiative .
‘emiscions of this type from these gas mixtures,t®™2' Use will be made c*.
v ) -18- - e '
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these ctudies to show the potentialities of shock layer spectrometry for
quantitatively detecting the presence of selected atmospheric constituents.
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Fig. 12 FEarth Atmosphere Density Profile as Determined by the
’ Sphere Deceleration Measurements of Ref. 4

Compared to the spectroscopic study of radiation from some other sources,
the measurement of shock layer radiation has one significant advantage which
should be pointed out. The state of the gas behind the shock wave at equi-
librium may be calculated exactly by use of the well-known Rankine-Hugoniot
equations: for any given atmosphere, density, and shock-wave velocity.
Examples of such calculations are given in Ref. 22. This capability makes
it possible not only to predict thé spectral cdistribution for hypothetical
atmospheres and trajectories, but also to analyze gquantitatively the spec-
trometer data for those cases where the shock layer may be assumed to be in
equilibrium. :

To better appreciate the nature of the shock compression process, consider as
an example a blunt body such as the sphere shown in the sketch preceded by a

" REGION
CONSIDERED

Sketch (b) , . : .
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shock wave (which is normal to the flow on the wave axis of symmetry) at a
velocity of 20,000 ft/sec in an atmosphere having a pressure of 0.01 of Earth
sea-~level atmoupherac pressure and a composition of 0..5 COs and 0.75 Ns.
Behind the normal shock wave at equilibrium, according to theory,22 the pres-
sure is LUO times greater than ambient, the temperature is approximately
6750° K, and the gas has undergone the chemical rearrangement indicated in
Fig. 13. The carbon dioxide has all but disappeared, being replaced by dis-
sociation products CO and C; the nitrofen is partially dissociated; and some

v+ 20,000 ft/sec

Po *.0) 3tmM N
W.or NO
C;J o| ¢
.8
z co
o I
- .6F
2 N
[: 4
W
o -4k N2 —1
]
=
2k Ne
oL L_J L—
AMBIENT BEHIND

ATMOSPHERE NORMAL SHOCK

Flg 13 Typical Composition of Gas in Shock Layer for Nitrogen-Carbon Dioxide
Atmosphere at Mars Entry Velocity

nev species CN and NO resulting-from high temperature reactions are present
in amounts of about 1 percent. Since this chemical rearrangement is a pre-
dictable consequence of the shock compression, it does not detract from the
possibility of determining the free-stream gascs by observation of those in
the shock layer, except that other mixtures having the same proportions of
the same atoms in the free stream would perhaps be difficult to distinguish
from the given mixture of nitrogen and carbon dioxide, e.g., mixtures con-
taining NO and CO in the free stream. The nonequilibrium zone which exists
immediately behlnd the bow wave may, however, aid in making this distinction.

Given the equ111br1um composition and the calculable equilibrium distribu-
tion of the various species over their enerecy states, one needs in addition
the transition probabilities for the radiative reactions to obtain theoreti-
cally the equilibrium radiative emission to be expected. The transition
probabilities have been determlned in the laboratory for the radiative proc-
- esses which must be considéred here (see, e.g., Refs. 23 and 24), and a
theoretical spectrum for the mixture discussed above is presented in Fig. 1k,
taken from the calculations of Ref. 21. To avoid confusion, the data for
different band systems are presented on separate levels of the graph and with
different scales. The CN radical, while present in small amounts, has, by
fai the brightest emission, the CN violet system. To observe this bright
band system on Mars would constitute direct evidence of nitrogen in the
" etmogphere, which is thus far only speculation, and, as will.be shown, meas-
urement of the intensity of the band will yield informetion on the mole
fraction of nitrogen in tne atmosphere:

=20~
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Fig. 14 Calculated Shock Layer Spectra

These theoretical results have been found to be generally well supported by
experiments in which small scalie models are gun-launched in free flight
through selected gas mixtures and the shock layer radiation measured by sta-
tionary radiometers at a station along the flight path.®' Thrce comparisons
of experiment and theory are of sufficient interest and pertinence to be
included here. The first, Fig. 15, shows the theoretical mole fraction of CN
in the shock layer compared with the =2xperimental luminous intensity of the
CN violet bands, plotted as a function of tue fraction of COs in the atmos-
pheric gas mixture where the remainder is nitroger.. In mixtures ranging from
pure nitrogen to pire carbon dioxide, the luminous intensity is found to vary
in proportion to the quantity of CN in the shock layer. The data were taken
from Ref. 19, the mole fractions of CN from Ref. 22.
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— 1 1 L0
0
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CN P/ Py 2001

MOL FRACTION
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MOL FRACTION €Oz

Fig. 15 uixture Dependence of CN Violet Radiation
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Two observations obtained by Ellis Whiting of Ames Research Center supply
absolute evidence of the identity of the CN violetl bands in the shock layer.
One, included as an inset of Fig. 1k, is an oscilloscope record of the output
of a sweeping monochromator with a resclution of about lSA of the radiation
Trom the shock layer between 100 and 4200A. The theory for che corresvpor iing
CN violet side band is reproduced under the oscillcscore trace, and has, within
the limit. of the resolution, unmistakably the same detailed features a: the
experiment. The second observation, a photographic spectrum is renroduced in
Fig. 16. This picture, obtained as the shock layer of a small model flew past
the entrance slit of the spectrograph, had an exposure time of less than a
microsecond, but this was sufficient to record the CN violet system. None of
the other spectral feabures was bright enough to expose.

THEORY, CN VIOLET BANDS
avei[lfl  aveolf av-1|
- o - N
l"‘,/\ ’ .

TR .%sse!u%s.ie}e M“ m 9%%( rhé

&3 % v

0 % BB K --

10-2x %, anigstroms]|

-
3 @

-
»-
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Fig. 16 Photographic Spectrum of Radiation From the Shock Layer of a Model
Flying at a Velocity of 21,100 £t/sec in a 0.09 COz - 0.91 Np Mixture

Figure 15 shows thet for mixtures of nitrogen and carbon dioxide, a measure-
ment of the Iluminous intensity will identify the mole fraction of carbon
dioxide as being one of two possible values. A record of the band intensity

as a function of velocity along the entry trajectory will resolve which of
these “wo values is correct, as shown in Fig. 17. The 9-percent and 25-percent
carbon dioxide mixtures have the same emission at about 19,000 ft/sec, but at
other velocities diffe: by sizahle factors. " Plotting such an experimental
trace and comparing it with theoretical traces for verious mixture ratios
would permnit the identification of the atmospheric mixture proportiors.

If nitrogen is absent from the atmosphere, or if other gases -are important
constituents, much cen still be learned from the spectrometric experiment,
The demonstration that nitrogen is not a major atmospheric constituent would
be in itself a velusble negative result. Other zases likely to be constit-
uents include argon end nitrogen oxides. With nitrogen oxides, the increased
ratio of oxygen to nitrogen atoms in the shock leyer will enhence the mole
fraction of NO at equilibrium, and a detector to observe the NO gamme band sys-
tem would permit the observation of this enhancement. The addition of argon
increases the shock layer temperature st s gilven flight veiocity. The temper-.
ature cen be measured spectrogcopically, bat whether this would be an accurate
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Fig. 17 Trajectory Dependence of Cii Viclet Radiation

enough indication of the mole fraction of argon remains to be determined.
Bgually promising is the shift to lower velocities in the peak of the CN violet
kand intensity due to the addition of argon,19 again an effect ¢ increased
temperature. Thus, by determination of the ratio of ¥,/C05 and the velocity
for peak emission, the mole fraction of argon may be defined. Also not to be
overloo¥ad is the direct observatio: of a bright argon line with a narrow band
detector. Some of these technigues will reguire further detailed study.

The effects of nonequilibrium chemistry and thermodynamics behind the shock
vave will -be important for some conditions. The introauction off nonejuilibrium
processes forces an increased dependence on laboratory experiments to replace
theory for interpretation of the cata. Such experiments can be performed in
shock tubes with both the dzusily and velocity conditions of flight duplicated.
This permits the study in detail of the spatial variation of radiation behind
the wave. lMeasurements of this kind reported in Ref. 20 as weli as those in
Ref. 21 show that the spectral distribution of radiation is very much the same
for equilibrium and nonequilibiium regions, i.e., the principal radiators are
the same. The fect that such laboratory facilities exist to duplicate the
‘conditions and provide experimental assistance in the interpretation of the
lata, both before and after the flight test, is of great value in the conduct
ol such planetary experiments. '

CONCLUDING REMARKS

The detailed studies which have been described were intended to indicate the
feasibility and the promise of experiments making use of entry probe responses
to define the structural and compositional features of the Mars' atmosrhere.

As with any undertaking of measurements of other than the most elementary
nature, numerous features are found vhich require thoughtful and detailed con-
sideration and demand correctness of approach- in order for the experiments to
succeed. However, no features have been found which would prevent the suc-
cessful measuvrement of the Mars' atmosphere, or that of other planets, by these

-23-
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technioues, and the information obtained would be most valuable, and, in
zome resvects, difficult to obtain by other techniques. Further efforts
applied to treat gquestions wvhich may still exist.

are being
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